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Low Temperature Effects on Systems for
Composting of Explosives-Contaminated Soils

Part 1: Literature Review

OLUFEMI A. AYORINDE AND CHARLES M. REYNOLDS

INTRODUCTION urement of compost pile temperatures. In addi-
tion, the report includes a general discussion on

The manufacture, use, and disposal of organic- composting, composting fundamental principles,
based explosives at military bases and U. S. Army available types of composting systems, applica-
ammunition plants have resulted in soils and sedi- tions of composting technology, and the estab-
ments contaminated with explosives residue. These lished parameters influencing composting under
compounds include 2,4,6-trinitrotoluene (TNT), various environmental conditions that may be ap-
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), oc- plicable to low temperature composting.
tabhydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine
(HMX), N-methyl-N,2,4,6-tetranitroaniline(tetryl),
nitrocellulose and other compounds. Composting DEFINITION OF COMPOSTING
is being studied as a means to decontaminate ex-
plosives-contaminated soils and may have the po- A review of the literature indicates that there is
tential to be a cost effective, environmentally safe, no universal definition of composting. In a broad
and readily implemented biorestoration technol- sense, Haug (1980) defines composting as the
ogy. Requirements for using composting technol- biological decomposition and stabilization of
ogy in a wide range of environmental conditions organic substrates under conditions that allow
include increased knowledge of the extent of envi- development of thermophilic temperatures great.
ronmental influences on explosives-composting than 40*C as a result of biologically produced heat,
processes, an understanding of methods to control with a final product sufficiently stable for storage
or mediate these influences, and the ability to suc- and application to land without adverse ,viron-
cessfully apply this knowledge on a practical scale. mental effects. Thus, composting is a form of waste
Sites having explosives-contaminated soils occur stabilization, but one that requires special condi-
over a wide range of latitudes, and temperature tions of moisture and aeration to produce thermo-
has been shown to have an effect on microbially philic temperatures.
mediated processes involved in composting ex- According to Williams et al. k1988), composting
plosives-contaminated soils (Isbister et al. 1982, is a biological treatment prucess in which soil and
Doyle et al. 1986). Both the effect of temperature on sediment are mixed with bulking agents and car-
the composting process and the methods to ma- bon sources to enhance microbial metabolism in
nipulate temperature to advantageously influence degrading and stabilizing soil contaminants.
the ongoing composting processes require more Organic materials are biodegraded by microor-
study. ganisms, resulting in the production of organic

The purpose of this report is to review available and/or inorganic by-products and energy in the
literature on the influence of cold temperatures on form of heat. When applied to waste control or
composting with emphasis on composting explo- used for contaminant destruction and detoxifica-
sives, the influence of engineering design on corn- tion in soils, composting is a combination of bio-
post pile temperatures, and the control and meas- logical and engineering processes.



The process of composting is readily classified BIODEGRADATION/
into two broad categories. Aerobic composting, BIOTRANSFORMATION PROCESSES
the decomposition of organic substrates in the
presence of oxygen, is usually achieved by suprly - The term "biodegradation" is often inappropri-
ing air through ventilation. The main prodqucts of ately used to describe the microbial transforma-
aerobic metabolism are microbial biov,.ass, carbon tion of compounds (Atlas and Bartha 1987). Fre-
dioxide, water and heat. Conr,:isely, anaerobic quently the result of biotransformation of anthro-
composting is the biologic.-i decomposition in the pogenic compounds is a synthesis of more corn-
absence of oxygen aDd yields the metabolic end plex products (Brooks 1974, Sjoblad and Bollag
products of methane, carbon dioxide and organic 1981, Wood 1971). Such products have been shown
acids. In gen.ral, anaerobic composting releases to result from composting explosives (Kaplan and
significantly less energy per unit weight of organic Kaplan 1982b, McCormick et al. 1975). For clarity,
material decomposed compared to aerobic com- this review will use the term "biodegradation" to
posting, and anaerobic composting has a higher mean complete or ultimate degradation of a sub-
odor potential (Haug 1980). strate to carbon dioxide and inorganic mineral

Finstein et al. (1986b) differentiates between forms, such as ammonium. For other microbially
product-oriented composting, such as that used mediated processes ihat do not culminate in such
for producing a beneficial soil amendment, and complete oxidation, the term "biotransformation"
treatment-oriented composting, such as that used will be used. Notably, a series of biotransforma-
as a component in an overall treatment plan. More- tions may be required to eventually yield biode-
over, the authors clearly stress that the two com- gradation.
posting uses have different goals. It is reasonable Biotransformation describes the transformation
to question whether the two composting goals re- ofa substrate to another compound orcompounds.
quire different or similar process design and con- All biotransformation products may not be com-
trols. pletely identified. They may be either more toxic

In municipal waste composting systems, the than the original compound composted, nontoxic,
goal is to provide municipal waste decomposition or subject to further biotransformations or biode-
in a manner that is cost-effective, odor-free, and gradation under favorable environmental condi-
environmentally sound (Finstein et al. 1986b, Ep- tions (Atlas and Bartha 1987). Moreover, different
stein et al. 1976). Because aerobic composting sur- environmental conditions may favor formation of
passes anaerobic composting in meeting these oneorseveralproductsresultinginminimalforma-
goals, the preponderance of municipal waste corn- tion of others (Atlas and Bartha 1987, McCormick
posting research has centered on increasing the et al. 1975). For poorly defined processes, biotrans-
rate of the composting process. That is, faster aero- formation rates are much more readily measured
bic composting rates are synonymous with achiev- than biodegradation rates. In general, monitoring
ing the desired goal of better cost efficiency. biotransformation requires measuring only the

In developing composting systems to treat toxic disappearance or loss of the starting substrate.
and hazardous wastes, a new goal, different from Confirming biodegradation requires monitoring
the two described by Finstein et al. (1986b), is dis- 14CO2 evolution from 14C-labeled contaminants. If
tinguished. The goal of toxic and hazardous corn- 14C-labeled contaminants are not available, sepa-
posting is to detoxify or render harmless the waste ration and analysis of a suite of possible by-prod-
being composted. In such composting systems, ucts, some of which may be unknown or have no
the hazardous waste compound may lack the or- proven analytical methodologies, is required.
ganic substrates necessary to initiate spontaneous Much of the research on composting explosives in
composting, and suitable organic substrates must soils has determined only the disappearance of the
be added. Although the goal in municipal waste starting substrate, and is therefore a measure of
composting is equivalent to maximizing the rate of biotransformation rather than biodegradation.
organic substrate decomposition, the same may Knowledge of the reactivity, toxicity, and sta-
not be true for hazardous waste composting, mi bility of these transformation products is incom-
which the relationships among decontamination plete, although laboratory incubations involving
of different hazardous wastes and the decomposi- 4C-labeled compounds have indicated that bi-
tion rates of added organic substrates have not odegradation accounts for only a slight portion of
been clearly defined. all biotransformation processes that occur during

2



explosives composting (Isbister et al. 1982). There ity. Hence temperature is both a cause and an
is also evidence that the biotransformation of explo- effect in terms of the heat output in a self-heating
sives is a process of co-metabolism (Osmon and ecosystem of compost and governs the self-limit-
Klausmeier 1972). This fact reinforces the view ing conditions for microbial activity (MacGregor
that the microbial activity in the pile is primarily et al. 1981). The interaction between heat output
associated with processes other than explosives and temperature is therefore the centerpiece of
metabolism. Furthermore, it implies that, by better rational control of the composting system (Haug
controlling these governing processes and under- 1980, Finstein et al. 1986a,b; Williams et al. 1988;
standing their relationship with reactions involv- Bhoyar and Bhide 1982). Almost all the referenced
ing explosives and their metabolites, it m.ay be studies on the temperature effect were conducted
possible to develop methods to advantageously in high mesophilic to thermophilic (350-55 0C) tem-
influence the processes leading to complete and perature ranges.
effective bioremediation of explosives. There is a scarcity of information on the effect of

low temperature on compost operation and per-
formance. No published data are available to help

PARAMETERS AFFECTING establish the low temperature level at which com-
COMPOSTING posting microbial activity would cease. It is gener-

ally acknowledged by researchers that a low start-
A number of studies in the literature (Finstein et ing temperature (cold start) tends to prolong the

al. 1986a,b1987a,b,c;Haug1980,1986a,b,c;Cathcart start-up stage. Mosher and Anderson (1977) re-
et al. 1986; Bhoyar et al. 1979) have addressed the ported that, at an ambient temperature of 9°to
importance of environmental conditions and para- 171C, it took 2 to 6 days for a compost of sludge
meters affecting composting. The parameters that wood chip mixture to reach 55°C, while at -170 to
consistently have been found to significantly im- O'C, it took 7 to 18 days. It appears that minimal
pact the efficiency of the composting process in- starting ventilation was used to speed the temper-
dude temperature, moisture content, chemical and ate ascent to more biologically favorable levels.
biological characteristics, availability of substrates, The authors claimed that a compost material ini-
substrate concentration and ratio of concentra- tially at 0°C reached thermophilic temperature in
tions, inorganic and organic nutrients, heat pro- 41/ days; however, there was no quantitative evi-
duction and retention characteristics of the com- dence offered to support this claim. Nevertheless,
post, and the partial pressure of oxygen within the it appears that marginally effective composting
compost material (Finstein et al. 1986b). However, can spontaneously occur at low temperatures if
to date, no research information or data are found necessary oxygen and water are present, and the
in the literature on the sustained effect of a cold compost mass is sufficient to retain heat.
climate on composting. Studies have generally concluded that thermo-

The majority of published research has been philic conditions ranging from approximately 40 -
concentrated on the composting of municipal and 60'C are desirable for composting (Finstein et al.
industrial solid wastes, with relatively few studies 1986a,b; Sikora and Sowers 1985). These conclu-
on composting hazardous/toxic wastes. Although sions are generally based on studies of municipal
it may not be appropriate to directly transfer all the wastes in which decomposition was determined
conditions used in municipal or industrial waste by CO 2 evolution or substrate mass reduction. In
composting to systems designed for hazardous such a system, thermophilic conditions are desir-
waste composting, a great deal of knowledge can able for both rapid decomposition and pathogen
be obtained from previous research information destruction. Although thermophilic conditions up
on composting municipal and industrial solid to approximately 60*C generally result in faster
wastes. microbial metabolic rates than those under meso-

philic conditions (Finstein et al. 1986a,b), there is
Temperature evidence that microbial diversity may be reduced

Among the interrelated factors influencingcom- as conditions become increasingly thermophilic
posting processes, temperature is perhaps the most (Strom 1985). Owing to the natural predominance
significant. The temperature within a composting of mesophilic conditions and microbial specificity
system is a function of the accumulation of heat for substrates, reduction in microbial diversity
generated metabolically, and simultaneously the may result in less complete oxidation and reduced
temperature is a determinant of metabolic activ- net biodegradation of complex substrates.
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Among several composting studies that have be negative system energy. Expressed mathemati-
focused on explosives, few have been conducted cally (Jones and Hawkins 1963), Figure 1 becomes
at temperatures lower than thermophilic. This is
understandable considering the natural tendency Q-W = AE (1)
of a compost pile to reach a thermophilic regime,
the desirable faster metabolic rates that result, and where Q = net heat flow into the system
the realization that the considerable volume of W = net work done by the system = IpdV
published research has been primarily aimed at E = net change in stored or internal en-
composting municipal waste. Kaplan and Kaplan ergy of the system
(1982a) compared the mesophilic-biotransforma- p = system pressure
tion products of TNT (McCormick et al. 1975) to V = volume of the system.
those resulting from thermophiic incubation
conditions (Kaplan and Kaplan 1982b) and found If the system is isovolumetric (i.e.,maintained at
them to be similar. constant volume), eq 1 becomes

Method for quantifying temperature Qv = AE. (2)
during composting

For any system, open or closed, the first law of In differential form, eq 1 becomes
thermodynamics (also known as the law of conser-
vation of energy) prevails and helps to establish dQ = dW + dE. (3)
"energy balance" in the system. Hence, in a com-
posting system, there is an "energy balance" given Temperature change in any system is directly
as related to its heat content. Hence, the heat per unit

mass flowing into the system can be expressed asNet amount Net increase in stored energy

of energy of system added to system dQ = ncdt (4)

Thermodynamically, energy can be added to the
system or taken from it by means of heat and work where m is the mass, c is the temperature-depend-

for both open and closed systems. However, in the ent specific heat and dT is the change in tempera-

case of an open system, there is an additional lure.
mechanism for increasing or decreasing the stored By integrating eq 4, if we assuming a constant

energy of the system. When mass enters a system, specific heat, the amount of heat in the system can

the stored energy of the system is increased by the be estimated as
stored energy of the entering mass. On the other
hand, thestored energy of a system is decreased by Qv= mcv(AT) (for constant-volumeprocess,
the stored energy of mass leaving the system. Dis- T not large)

tinguishing the transfer of stored energy of mass Q = mcp(AT) (for constant-pressure pro-
crossing the system boundary from heat and work, cess, T not large)
the system "energy balance" can be expressed as:

where v and p denote conditions for constant vol-
energy added energy energy in stored ume and constant pressure, respectively.

to system as + of mass - of mass = energy of Since many chemical and most biological proc-
heat and all entering leaving system. esses operate under constant pressure, eq 3 can be
forms of work system system expressed as

When there is no transfer of mass across the dQ = de + pdV (5)
boundary of a system, the net increase in the
system's stored energy is only due to the net which, after integration, becomes
amount of energy added to the system as heat and
work. This is shown schematically in Figure 1 Qp = (E2+PV 1  (E1+pVI = H27-H, = AH
where heat flow into the system (+q) and work
done by the system (+w) are classified as positive where H is the enthalpy. In addition, the tempera-
system energy, while heat flow out of the system ture change during composting can be estimated
(-q) and work on the system (-w) are considered to under the constant pressure condition by using eq
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-w (work done on system) + q (heat flow into system)

Figure 1. Schematic illustration of the SYSTEM

principle of conservation of energy, also w (work done by system) A q (heat loss from system)
known as the first law of thermodynam-
ics. Note thesign convention on the terms I internal Energy Storage
for heat and work (Jones and Hawkins Within System - E
1963, Haug 1980). _ j

Standard state values for enthalpy and free energy
5 with the following equation: at 25°C for various substances encountered in

compost mixture and by-products are given in
AT = Q / (mcp) (AT is not large) (6) Table 1. Table 2 gives the values for the heats of

combustion of some organic fuels (Haug 1980).
where c is the specific heat at constant pressure.

Equafions 5 and 6 are not applicable for sponta- Empirical methods for estimating heats
neous chemical or biological reactions, which may of reaction during composting
occur in some composting processes. To quantify In he composting of municipal, industrial or
heat generated (and thus temperature) for sponta- hazardous/toxic wastes, mixtures usually com-
neous chemical reactions, the second law of thermo- prise several organic compounds of unknown com-
dynamics (which states that any spontaneous position. Hence, it is often difficult to estimate the
change in an isolated system always occurs with heats of reaction from organic wastes from stan-
an increase in entropy; i.e., the change in entropy dard enthalpy values, since the mixture composi-
S must always be positive for any system) is used. tion is not completely known. Even if it is known,
Since all chemical reactions have a standard free the enthalpy values would only help to define a
energy change, the relationship between enthalpy range of probable heats of reaction. As a result,
(H) and entropy (S) can be expressed in terms of several experimental and empirical techniques
the Gibb's free energy function (G). Hence have been developed todetermineheatof reaction.

One experimental method for determining
G = H-TS. (7) heating value of organic waste is by calorimetric

measurements. Calorimetric measurement tech-
For constant pressure and temperature, eq 7 be- nique is undoubtedly the most accurate way of
comes determining heats of reaction for organic mixtures

(Haug 1980). This technique consists of either 1) an
AG = AH - TAS. (8) "open calorimeter" in which the heat of chemical

reaction is measured at a constant pressure of one
atmosphere, or 2) a "bomb calorimeter" in which

Table 1. Standard state enthalpy and reactions are conducted under constant-volume
free energy of formation at 250C. conditions. Even though the heat release in a bomb

calorimeter would be different from that in a
all aG) constant-pressure calorimeter, the differences are

Substance State _(kcal/mol) (kcal/mol usually small for organic materials which release

CH, gas -17.89 -12-14 considerable energy on oxidation (Lee and Sears
CHCOOH aqueous -116.74 -95.51 1963).
C H,20, aqueous -217.02 An experimentally based empirical formula for
CO, gas -94.05 -94.26 determining the fuel values of different types of

CO2  aqueous -98.69 -92.31 vacuum-filtered sludges was formulated by Fair
H20 liquid -68.32 -56.69 et al. (1968):
H20 gas -57.80 -56.64
HS aqueous -9.4 -64 Q = a[(0OOxP)v) / (100-P c) - b] x
NH,- aqueous -31.74 -19.00
SO,2Q aqueous -216.90 -177.34 [(100-P c) / 100] (9)
H' (pH 7) aqueous -9.67
NHC! crystal -75.38 -48.73
Cl - aquous -40. 2 -32.35 where Q = fuel value (Btu/lb dry solids)

* Compiled from data in Handbook of Chemis- a = 131 and b = 10 for raw and digested
try and Physics ( CRC Press 1970). primary sludge
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Table 2. Heats of combustion of some organic fuels.*

Molecular AH-R 0**  g CODtI g CODI
Feed Formula weight (cal/mol) (mol) (g organic) kcallg kcal/g COD

Carboliydrate
Glucose CH20, 180 -673,000 192 1.067 3.74 3.51
Lactic acid CHCH(OH)COOH 90 -326,000 96 1.067 3.62 3.40
Polysaccharides, (C.H.O) essentially same

e.g.. starch and as for glucose
cellulose

Lipid
Palmitic acid CH,(CH,),,COOH 256 -2,398,000 736 2.87 9.37 3.26
Tripalmitin (CH(CH,),COO),(CH) 809 -7,510,000 2,320 2.87 9.28 3.24

Protein
Glycine
(Amino acid) CH(NH)COOH 75 -163,000 48 0.64 2.18 3.41

Hydrocarbons
n-Decane CH,(CH),CH, 142 -1,610,000 496 3.49 11.34 3.25
Methane CH, 16 -210,000 64 4.00 13.18 3.29

Heats of combustion were obtained from Handbook of Chemistry and Physics (CRC Press 1970), and correlated
to products of combustion as (CO2)g, (H 0),, and (NH 4 "),, .
t Chemical oxygen demand.
** Heat of reaction.

a = 107 and b = 5 for raw waste-activated Corey (1969) presented the Dulong formula
sludge which is sometimes useful for estimating gross

P, = percent volatile solids in sludge heating values for the feed composition:
Pc = percent of inorganic conditioning

chemical in sludge. Q(Btu/lb) = 145.5(C) +

Data used to derive eq 9 were obtained from a 620x(H-O/8) + 41(S) (12)
constant-volume bomb calorimeter. Although eq
9 was developed only for municipal sludge and where S is the percentage of sulfur.
should not be extended to other organic wastes, It should be noted that eq 11 and 12 require a
this approach may be applicable to hazardous fairly complete laboratory analysis of the waste to
waste composting. accurately determine the percentages of carbon,

Spoehr and Milner (1949) presented a formula hydrogen, oxygen and sulfur. These data may not
that relates the heat of combustion to the degree of be available routinely. A list of heat contents of dry
reduction of organic matter. Products of combus- refuse and sewage sludge samples is given in
tion are assumed to be gaseous carbon dioxide Table 3.
(CO ), liquid water (IH20), and nitrogen (N2). Thus,
the degree of reduction (DR) for any organic mat- Reaction rates and effect of temperature
ter is given by Biological, biochemical and chemical reaction

rates in composting system are usually a function
DR = {100x[2.66(C) + of temperature. Above mesophilic and within

thermophilic temperature ranges, it has been
7.94(H) - (0)1/ 398.9 (10) shown that there is ,aster microbial activity lead-

ing to a rapid generation of heat (Finstein et al.
where C, H and 0 are the percentages of carbon, 1986b). Haug (1980) noted that a convenient way
hydrogen and oxygen, respectively, on an ash-free of expressing the temperature effect is to deter-
basis. The heat of combustion (Q) is given by: mine and compare the rate of activity at one tem-

perature to the rate at a temperature 10*C lower.
Q(cal/g) = 127xDR+400. (11) The resulting ratio is known as the temperature

6



Table 3. Representative chemical analysis k2 = k, exp[O(T2 - TI)I (16)
and heat content of dry refuse and sewage
sludge samples (Loran 1975). where 0 is assumed to be reasonably constant.

Raw Digested However, Haug (1980) indicated that 0 has been
Refuse sludge sludge found to vary considerably even over small tem-

Constituent (wt %) (wt %) (wt %) peratureranges. Hesuggested thatapplicabletem-
peratures should be clearly stated for values of 0

Carbon 33.11 37.51 24.04 used in eq 15 and 16. For comparison, a 0 of about
Hydrogen 4.47 5.54 3.98 0.069 corresponds to a Q10 of 2.0.
Oxygen 25.36 22.56 12.03
Nitrogen 0.60 1.97 2.65
Chlorine 0.41 0.33 0.17 Moisture content
Sulfur 0.14 0.37 0.75 In composting systems, decomposition of or-
Metal 11.64 ganic matter depends upon the presence of mois-
Glass, ceramics, stone 16.23 ture to support microbial activity. It has been sug-Volatiles @1 l q C 3.66 3.01

Ash 8.04 28.06 53.37 gested that the theoretical ideal moisture content

Total 100.00 1 for composting would be one that approaches
100%, because under such conditions, biological

Higher heating value 3280 3910 2570 decomposition would occur in the absence of any
(cal/g) moisture limitation (Golueke 1977). Hence, main-

taining a proper moisture balance is a critical fac-
tor in the design of sludge or any other organic

coefficient, Q10" Within certain limits, the rates of substrate compostingsystem. The thermodynamic
most chemical reactions approximately double for balance of the composting system and the ability
each 10*C rise in temperature (with Q10 approxi- to aerate the compost material are greatly influ-
mately equal to 2.0). enced by proper moisture content (Atchley and

The effect of temperature on chemical reactions Clark 1979; Haug 1980; Jacobowitz and Steenhuis
on the rate constants for chemical reactions can be 1984).
estimated using Arrhenius equation: Optimum gravimetric moisture content levels

for composting have been reported to range from
d(ln k) / dT = Ea /RT (13) 50 to 70% (McKinley and Vestal 1985). Bakshi et al.

(1987) found that 70% gravimetric moisture con-
where k = reaction rate constant tent provided the most suitable conditions for

Ea = activation energy for the reaction natural fermentation of urea-treated straw. For(cal/mol) composting explosive-contaminated soils, Wil-
T = absolute temperature (K) liams et al. (1988) used a range of 20 to 26% gravi-
R = as constant (cal/mol) (K) metric moisture content.

Due to the heterogeneity of compost mixtures,
and activation energy is defined as the amount of the use of percentage water content rather than
energy needed by a molecule to undergo a suc- water potential is, at best, merely a gross approxi-
cessful chemical reaction. Integrating eq 13 yields mation of the water characteristics of the compost

system; hence it prevents comparing moisture
ln(k2 /k, ) = Ea(T 2 - T,)/RTIT 2  (14) effects from published results or transferring ex-

perimental results to other situations. The water
In composting systems, most biological and available for microbial processes is dependent on

biochemical processes operate within a limited not only the amount of water in the system but also
range of temperatures. Since the product of T1 and the solution osmotic potential, the sorptive capac-
T1changes only slightly over the biological tern- ity, and hygroscopicity of the matrix. Consequently,
perature range (e.g., 0 to 80°C, which is equivalent at a given gravimetric moisture content, the avail-
to 273 K to 353 K), Ea/RT1T 2 can be assumed able water can vary significantly, depending on
constant. Hence, eq 14 can be written as solute concentration and the texture and quantity

of soil added to a compost mixture, as well as the
ln(k2 /k 1) = O(T2 - T1) (15) texture and nature of the compost bulking agents

used. Despite the lack of quantitative data, it is
i.e., well established that ventilation used for heat
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removal causes drying and water must be added is very small compared to the ventilative heat re-
to the compost system (Finstein et al. 1987a,b,c). moval, and therefore can be neglected in eq 17.
Available literature does no' provide sufficient Hence, the total heat removal can be equated to the
data to interpolate the optimum water poterial ventilative heat removal. The relationship govern-
for explosives biotransformation in composting ing ventilative removal is given by
systems that consist of blends of soil and bulking
agents. Qvent = m(Hout - Hi) (18)

Aeration where Qvent = rate of ventilative heat removal
Composting is an exothermic process that in- (energy/time)

creases the temperature in the system; tempera- m = dry air mass flow rate (mass dry
ture, in turn, is a determinant for microbial activity air/time)
rates, thereby influencing heat output. These Hout = outlet air enthalpy energy/mass
coupled feedback processes effectively raise corn- dry air)
post-pile temperatures sufficiently high to inhibit Hin = inlet air enthalpy (energy/mass
the active microbial population and temporarily dry air).
inhibit the composting process. To counter the
heat production effect on ter.peratures, torced The enthalpy of the air is a function of both its tem-
ventilation is generally employed (Macgregor et perature and relative humidity (RH).
al. 1981). Ventilation promotes cooling both by
convection and, toa muchgreaterextent, byevapo- Effect of ventilation on coinposting
ration. Ventilation also serves to promote aerobic Ventilation, whether forced or natural, supplies
conditions, thus favoring faster aerobic metabolic oxygen required to support aerobic biological
pathways and rates that are associated with aero- activity in composting. The stoichiometric oxygen
bic processes. Although there is significant evi- demand will depend on chemical composition of
dence that RDX biotransformation is an anaerobic the organic material. For municipal sludge, a value
process (McCormick et al. 1981), there is a general of approximately 2 g of oxygen per gram of or-
agreement that aerobic conditions should be fa- ganic material oxidized is assumed reasonable
vored in the composting pile (Finstein et al. (Haug 1980, Kuter et al. 1985). Also, it has been
1987a,b,c; Williams et al. 1988). Ventilation and the found that, compared to natural ventilation in
subsequently induced evaporation dry the system windrow composting systems, forced ventilation
to a degree that inhibits microbial activity, by means of blowers is the major aerating mecha-

nism in the aeated static pile and many reactor
Heat removal mechanisms during composting systems.

To develop and design an effective system for Furthermore, the use of a blower to force air
large field-scale composting of explosives-con- through a composting pile increases ventilative
taminated soils and wastewater, heat removal and heat removal, leaving conduction to play a minor
control techniques have to be used to moderate a role in removing the generated heat. In addition,
large temperature buildup caused by heat genera- vacuum-induced ventilation is commonly used
tion during composting. According to Finstein ei for odor control by venting the outlet air through
al. (1986b), the heat removal mechanisms that oc- a "scrubber pile" consisting of aged or stabilized
cur during composting include radiation, conduc- old compost (Epstein et al. 1976). Two mecha-
tion, vaporization of water (evaporative cooling), nisms that account for heat removal rate through
and sensible heating (temperature increase of dry ventilation, Qvent (energy/time) are represented
air). Hence by 1) the heat removal rate through vaporization,

Qva- (energy/time), and 2) the heat removal rate

Qtot = Qrad + Qcond + Qvent (17) through sensible heating of air, Qsens' (energy/
time). Thus

where Qtot = total heat removal
radiant removal Qvent Qvap +Qsens" (19)

Qcond = conductive removal
Qvent = ventilative removal. Assuming outlet air at 60*C temperature and a

relative humidity (RH) of 100%, Finstein et al.
The sum of conductive and radiative heat removal (1986b) estimated that

8



Q 9 x (20) isms, bed conditions iii the reactor and manner of
air supply. All of the available systems have ad-

From eq 18 19 and 20, the vaporization heat vantages and disadvantages relative to one an-
removal rate can be estimated as other. The nonreactor ("open") systems consist of

those that maintain an agitated solids bed and
Q, P= 0.9 x ,(I,,t - in). (21) those that employ a static bed as shown in Figure

3. In the compost systems with an agitated solids
No information was available on research that bed, the compost mixture is disturbed or broken
investigated the impact on compost biological up in some manner during the compost cycle.
activitv of forced or natural ventilation of air far Reactor systems, on theother hand, are usually
below the niesophi lictemperatureorclose tofreez- termed "mechanical," "enclosed" or "within-ves-
ing temperature. sel" composting systems (Haug 1980). The term

"meclianical" is a misnomer because most modern
Organic content and composting systems, including nonreactor sys-
inorganic nutrients tems, are mechanical to some extent. Figures 4-7

Microbial activity of a composting system is di- illustrate the different types of reactor systems.
rectlv influenced by the organic content and inor- The following classification scheme, which can be
ganic nutrients of the composting material (Fin- used to classify any type of composting system,
steinet al. 1987a,bc; Haug 1980,1986a,b,c).Cathcart has been developed (Haug 1980):
et al. (1986) conducted experiments to determine 1. Nonreactor (Open) Systems
the optimum value of the carbon/nitrogen ratio of 1. Agitated solids bed (windrow)
material used as a nutrient for the composting of a. Conventional
solid waste (crab scrap). The effects of different b. Forced aeration
types of inoculum and mineral concentrations were 2. Static solids bed
found to profoundly affect the composting activ- a. Forced aeration (aerated static pile)
ity of synthetic solid waste in the thermophilic b. Natural ventilation
temperature range (Clark et al. 1978). II. Vertical Flow Reactor Systems (Tower

Reactor)
1. Moving agitated bed

COMPOSTING SYSTEM DESIGN 2. Moving packed bed
AND TECHNOLOGY a. Continuous or intermittent feed

b. Batch feed
Almost all the existing compost design con- III. Horizontal and Inclined Flow Reactor

cepts were developed for composting municipal Systems
and industrial solid wastes. These types of solid 1. Tumbling solids bed (rotating drum)
wastes usually consist of wet feed substrates that a. Dispersed flow
are difficult to compost alone because of the high b. Cells in series
moisture content. Hence, the general schematic c. Completely mixed
diagram for composting is represented as shown 2. Agitated solids bed (bin reactors).
in Figure 2. The fundamental concepts embodied
in Figure 2 underlie all com-
posting systems and their Buking Agent

operations; therefore they Makeup
are applicable to the com-
posting of explosives-con- Amendment Addition . .. . ..

taminated soils, sludge or
wastewater.

Feed Substrate Mixture
Dowatered Sludge Cake Composing Comosat Product

Classification of or Wet, Organic Substrate ocess

composting systems
Composting systems can Compost Product Recycle

be classified according to the
reactor type and nonreactor Figure 2. Generalized diagram for com posting showing inputs of feed substrate,
type, solids flow mechan- compost product recycle, amendment and bulking agent (Haug 1980).
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Figure 3. Non reactor cornposting systems (Haug 1980).
mixodeadlnAir Exhaust

Hearth or Deck

Mixed Feed In Air Exhaust
Rabble or Rack

-Deck

Air Input Air Input Product Outfeed

Discharge Conveyer

Product Oulled

Figure 4. Vertical flow reactor systems (tower or silo reactors) (Haug 1980).
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of Solids
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- -- -Make-up Air
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Figure 5. Vertical flow reactor systems (towter or silo reactors) (Haug 1980).
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Figure 6. Horizontal and inclined flow reac-
tors (Haug 1980). Ai In

Product
Discharge Agiloader

Mixed FeedPerforated

Augers Zoning
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Figure 7. Horizontal and inclined flow reactors (Haug 1980).

A generalcomparison between various composting composting, the bin composting and the mechani-
processes is given in Table 4. cal or high rate composting are classified as "reac-

tor" systems.
Design of composting systems In windrow composting, an elongated unen-

The design of composting systems can be clas- closed pile is subjected to mechanical agitation by
sified into six categories: 1) windrow composting meansofaturningmachine (windrowing) orfront-
design, 2) static pile composting design, 3) en- end loader. No mechanical agitation is used for the
dosed composting design, 4) in-vessel composting static pile composting and pile dimensions in this
design, 5) bin composting design, and 6) mechani- system are usually larger than in windrow corn-
cal or high rate composting (Finstein et al. 1986b posting. For the enclosed composting, material is
1987c). According to the above classification sheltered, but not held in a special vessel; the pro-
scheme, windrow composting, aerated static pile cessing technique is similar to the windrow or
composting and enclosed composting are classi- static pile systems. Bin composting is a form of in-
fled as "nonreactor" systems, while the in-vessel vessel composting where material is held in a spe-

m l ~I III



Table 4. Comparison between various composting processes when used for sludge composting (Haug
1980).

Reactor systems

Nonreactor systems Forced aeration Forced aeration
Item Windrowo Aerated pi + agitation No agitation

Capital costs Generally low Generally low in small Generally high Generally high
systems; can become
high in large systems

Operating costs Generally low High, depending largely Generally low Generally low
on bulking agent used

Land requirements High High Low, but can increase Low, but can
windrow drying is increase if windrow
drying is required drying is required

Control of air Limited unless forced Complete Complete Complete
supply aeration is used

Operational Turning frequency, Air flow rate, bulking Air flow rate, level of Air flow rate
controls amendment or com- agent addition agitation, amendment amendment or

post recycle addition, or compost recycle compost recycle
forced aeration rate addition addition

Sensitivity to More sensitive Less sensitive Less sensitive Less sensitive
dewatered cake
solids

Need for subsequent Drying usually occurs Drying can be achieved Drying can be achieved Less drying potential
drying in windrow but de- in pile with high air reactor; final drying in from lower air flow

depends on climate supply; windrow drying windrow or heat dryer rates; final drying
may be required may be required in windrow or heat

dryer usually
required

Sensitivity to cold Sensitive unless in Demonstrated in cold Demonstrated in cold Demonstrated in
or wet weather housing; demonstrated and wet climates and wet climates cold and wet

mainly in warm, dry climates
climates

Demonstrated on Yes Yes Yes Yes
digested sludge

Demonstrated on Yes, but odor problems Yes Yes Yes
raw sludge observed

Need for amend- Well demonstrated All designs to date use Demonstrated using Amendment addition
ment or bulking using recycled com- bulking agents; pilot recycled compost only addition along with
agent post only operations used recycled compost ususually

compost with digested used
sludge

Control of odors Depends largely on Handling of raw sludge Potentially good Potentially good
feedstock; potential is potentially odorous;
large-area source may be large-area source

Potential
operating
problems

Low cake solids will Mixing and screening of High operational flexi- Potential problems of
increase odor poten- bulking agent can be diffi- bility should reduce sludge compaction
tial and cause reduced cult; anaerobic balls composting problems; and channeling or
temperature in wind- sometimes observed; wood system may be mechan- short-circuiting of air
row; susceptible to chips can harbor oppor- ically complex supply; system may
adverse weather tunistic fungal pathogens be mechanically

complex
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cial vessel for better control of agitation, ventila- 85

tion, residence time, batch or processing mode,
material handling and curing.

Because there is a potential for explosion in any 180

system containing explosives, caution should be
exercised if any of the above-noted mechanical 80

systems is used for composting explosive-con-
taminated soils and wastes. It is therefore recom-
mended that a careful and adequate design analy-
sis should be performed when adopting any type 170 .
of mechanical system for explosives-laden com- /
posting system. - T

A detailed description of a bin composting C. E

system design and operation for municipal solid (

wastes is given below, since it has been brought to
the attention of the CRREL compost researchers 160 I
that such a system may be considered for a poten- 70

tial field design operation for composting explo-
sives-contaminated soils by U.S. Army Toxic and
Hazardous Materials Agency (USATHAMA).

Bin composting design and operation 150 - 65

Senn (1971) reported the use of bin-type com- 0 1 2 3 4 5 6 7

posting (horizontal flow, agitated solids bed reac- Time (days)

tor) with wet organic feed materials to compost
dry dairy manure. The system was designed to Figure 9. Typical temperature developed during
provide agitation of the material during the com- bin conposting of dairy manure under conditions
post cycle and a forced aeration in the floor of the of constant airflow and optimum moisture (Senn
bins as indicated in Figure 8. Normal aeration rates 1971).
were 6.7 m3 of air/hr-m3 of the manure. Maximum
static pressures were about 15 cm (water gauge). A ture elevations within the first 24 hours were
composting time of 2 to 7 days was provided in characteristically observed.
each bin followed by a minimum 30-day period in According to Senn (1971), the most rapid
stockpiles. Senn gave a typical temperature profile production of attractive, stable compost was
(Fig. 9) developed under optimum moisture and found to occur at temperatures between 710
air flow conditions. He noted that rapid tempera- and 790C. Even though temperatures as high

as 87*C were measured, composting above
790C produced an end-product considered

2.5 Cm Test Holes undesirable due to the resulting dark color
and unpleasant, "cooked" odor. Optimum
gravimetric moisture content was found to

2 4r be in the range of 50-56% moisture. How-
0 oever, the material was successfully com-
Sposted if loaded at moisture contents of

Wa 45-60%. A phenomenon commonly observed
Blowers, Valves and Gau s during the operation that might impact the

explosives-contaminated soils composting

was the "packing" of material in the bins,
particularly at high moisture contents. The

transfer of material from bin 1 to bin 2 loos-
Figure 8. Aerated bins used in field corposting tests on dairy ened the material, allowing increased tem-
manure. Bins were staggered and sized for transferring and perature development as indicated in Figure
mnuoadin bywconer bget and bizet fof "agleerringane 10. Agitation was also found to be effective in
unloading by conveyor buckets and belt of "Eagle Loader" loosening the material so that higher air flow
(Senn 1971).
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80

170

L- 160 7

150

E Transtered to E
4) Q)
- Bin 2

140 60 Figure 10. Effect of agitation on the temperature profile

during bin composting of dairy manure. Moisture
content was 50% and airflow rate was held constant.

130 Points to note: 1) rapid temperature rise to 70°C in six

hours, 2) flow rate temperature drop is graded and can
1 50 be stopped by lowering airflow rate, 3) temperature rise

120 2 4' 6 8 10 1'2 caused by mixing and loosening from transfer (Senn

Time (days)

70I 1:1:1 by Volume Cake
(compostrice hulls) A

60 /

R 50-

1:2 by Volume of Cake
(compost)

Figure 11. Average temperatures observed dur- 40-

ing bin composting of digested sludge cake mix-
tures. Sludge cake was approximately 25% solids
and recycled compost about 65% solids. Each 30-

data point represents an average of 17 tempera-
ture readings over the cross section of the reactor 0 10 30

(Iacoboni et al. 1977). Time (days)

tcontents

70 Contents Turned70 -Turned

60
S650% Total Solids

(initial blend)

s 0

Figure 12. Effect of initial mixture solids con-
40 - 45% Total Soln s tent on the temperature profile during bin

(•initial l en) compostingofdigested sludge cake blended with

30 .recycled compost. Each data point represents an
48 2 16 20 average of 17 temperature readings over the

Time (days) cross section of the reactor (LeBrun et al. 1978).
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rates could be maintained, which, in turn, resulted biochemical oxygen demand [BODL starch, and
in a higher rate of heat removal, thus lowering the cellulose) lack sensitivity, specificity and general
high temperature buildup to a more optimum relevance. Tests which tend to quantify some de-
range. As expected, it was found that low air flow composition (heat output, metabolic-water pro-
rates could lead to excessively high temperatures duction, oxygen consumption, and carbon diox-
that limited the compost biological activity. ide production) are generally inapplicable in rou-

lacoboni et al. (1977) and LeBrun et al. (1978) tine field practice for industrial and municipal
provided data from the compost experiment spon- solid wastes. As for the composting of explosives-
sored by Los Angeles Orange County Metropoli- contaminated soils and sludges, the potentialprob-
tan Authority in which dewatered municipal lems tend to become more difficult because of the
sludge was composted in a bin-type system with complexnatureofthebiodegradationandbiotrans-
bed depths of 2.5 to 3m (Fig. 11 and 12). As was the formation processes of the organic compounds
case with manure composting, it was observed that need to be decomposed.
that the initial solid content of the mixture used Although the biotransformation of explosives
was important in order to achieve rapid tempera- occurs most rapidly under thermophilic condi-
ture rise. The effect of the initial mixture solid con- tions, there is a paucity of information on the fate
tent on the temperature profile is shown in Figure of the biotransformation products and how envi-
12. The data showed that an initial mixture with ronmental factors may influence the direction and
50% solids was considered near optimum com- rate of these processes. Because temperature has a
pared with 45% solids content (LeBrun et al. 1978). profound effect on microbial diversity, kinetics,

Haug (1980) discussed another bin-type corn- and metabolites, a system that provides for a more
posting system operated at the Minamitama uniform and responsive temperature distribution
Sewage Treatment Plant (MSTP), Japan, where the might be employed to direct the composting proc-
feed material consisting of raw sludge was condi- ess in a way most favorable to desired goals. From
tioned with lime and ferric chloride, and then published research to date, it is clear that com-
dewatered by filter press to about 35% cake solids. posting at thermophilic temperatures approach-
What is unique about the MSTP operation was that ing but not exceeding approximately 65°C results
the dewatered sludge was blended with recycled in most rapid biotransformation of explosives.
compost product to achieve optimum 50% solids What is not at all clear is how best to manipulate
mixture, which was then composted for 10 days. temperatures, as well as other parameters, to best
Compost product was used for feed conditioning render harmless the products from the biotrans-
primarily because other additives such as "wood formation of explosives.
chips" were not consistently available. This may Recent work by Berardesco and Finstein (1988)
be relevant to a large field operation for corn- has clearly demonstrated that polyaromatic hy-
posting explosives-contaminated soils. drocarbon transformation ability was present in a

greater percentage of the microbial population at
mesophilic temperatures than at thermophilic tern-

PERFORMANCE EVALUATION OF peratures. In contrast to the generally accepted ra-
COMPOSTING SYSTEMS tional that "faster composting is better," the devel-

opment of a hazardous waste composting system
Most researchers concur that the evaluation of that enables more uniform and precise control of

composting process performance centers on the is- composting temperatures to be maintained for ex-
sue of decomposition rate, with higher rates gen- tended time periods may prove to have applica-
erally desirable. In other words, decomposition tions beyond those that are currently obvious.
rate is an overriding determinant of composting
process performance. Evaluation of compost prod-
uct quality is also essential (Finstein et al. 1986a,b). CONCLUSIONS
The absence of a decomposition rate measure in
composting tends to contribute to suboptimal pro- 1. A thorough review of available literature was
cess design and control, erratic operational perfor- conducted on the impact of cold climates on com-
mance, and odor problems. posting with emphasis on composting explosives,

A review of composting-process-performance the influence of engineering design on compost
evaluation by Finstein et al. (1983) indicated that pile temperatures, and the control and measure-
tests involving organic content (volatile solids, or- ment of compost pile temperatures.
ganic carbon, chemical oxygen demand [COD], 2. It was found that there is no universal defini-
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tion of composting. In a broad sense, composting 6. Parameters that consistently have been found
has been defined as the biological decomposition to significantly influence composting include
(involving biodegradation and biotransformation temperature, moisture content, and chemical and
processes) of organic substrates under conditions biological characteristics, as well as the concentra-
that allow development of thermophilic tempera- tions of the organic substrates, the concentration
tures as a result of biologically produced heat, of available nutrients such as nitrogen and phos-
with a final product sufficiently stable for storage phorus, the ratio of available nutrients such as
and application to land without adverse environ- organic carbon and nitrogen (C/N), heat produc-
mental effects. tion and retention in the compost, and the partial

3. The majority of published research on corn- pressure of oxygen within the compost material.
posting has been focused on the composting of 7. There is little information available on the
municipal and industrial solid wastes. It is impor- persistence and fate of intermediate metabolites
tant to realize that the goals of municipal and formed during composting of explosives. Because
industrial waste composting may differ from the some metabolites are known to be toxic, this ques-
goals of hazardous waste composting. tion needs to be resolved before composting can be

4. To date, no research information or data are used for decontaminating explosives-laden soils
found in the literature on the sustained effect of a and sediments. Nevertheless, due to the self heat-
cold climate on composting. ingnatureofthecomposting process, our ability to

5. Although it may not be appropriate to di- design composting systems in which optimum
rectly transfer all the conditions used in municipal temperatures can be maintained, and the likeli-
or industrial waste composting to systems de- hood that some hazardous materials may be ren-
signed for hazardous waste composting, a great dered harmless permanently by incubation under
deal of knowledge can be obtained from research appropriate conditions, composting may offer an
information on the composting of municipal and attractive decontamination method that is well
industrial solid wastes. suited for cold regions use.
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